Abstract. Motivated by the unprecedented nucleophilic attack at the pyridine nitrogen atom in bis(imino)pyridines, observed by Gambarotta et al. and Gibson et al., and the fact that normally pyridine undergoes reactions with electrophiles at its nitrogen atom, we applied the local hard and soft acids and bases principle to assert that nucleophilic attack at pyridine nitrogen atom depends fundamentally on stereoelectronic factors. Key words: Nucleophilic reactivity, bis(imino)Pyridines, Stereoelectronic Factors.
Introduction
The diimine/pyridine ligand system enhances the reactivity of early and late transition metals toward olefin polymerization [1] [2] [3] . The six electron donor 2,6-bis(imino)pyridines 1 are tridentate ligands with potentially reactive nitrogen and carbon atoms ( Figure 1 ) [4, 5] .
In order to afford novel [N,N,N] ligands, Gibson et al. described the reaction of d 6 -bis(imino)pyridines 2 with MeLi which provides the new ligand 3 arising from nucleophilic attack at the pyridine atom (Scheme 1). The N-methylation was unequivocally confirmed by a single-crystal X-ray diffraction experiment [6] . In a parallel study, Gambarotta et al. found that reaction of bis(imino)pyridine with MeLi leads to the surprising alkylation at the pyridine nitrogen atom [7] . These reactions were unprecedented because pyridine derivatives in general undergo reactions with nucleophiles at the α and γ positions or, under special circumstances at the β positions of the pyridine ring.
Gibson et al. surmised that "This highly selective nucleophilic attack at pyridine nitrogen is believed to arise from a combination of favourable circumstances: (i) di-ortho substitution of the aryl ring Ar that effectively shields the imino-carbon from nucleophilic attack, (ii) deuterium substitution at the ketimine position disfavouring proton (deuteron) abstraction and (iii) chelation of MeLi by the pyridine and imino nitrogen donors places the MeLi in a favorable position for methyl migration to the pyridine nitrogen".
The local HSAB principle, proposed and proved by minimization of the grand canonical potential by Gázquez and Méndez [8, 9] , is a successful principle of reactivity based on density functional theory (DFT) local descriptors (Fukui function f(r) and local softness s(r)) [10] [11] [12] . It establishes that although the softest atom in molecule A is in general the most reactive site, there may be other less soft sites, which may become the most reactive sites, regulated by the softness of the reacting molecule B [8, 9] . The local HSAB principle has been widely used in studies on multiple reaction sites and in strong and weak chemical interactions [13] [14] [15] [16] [17] [18] [19] .
In this study we reveal, using the local HSAB principle and DFT local descriptors, that nucleophilic attack at the pyridine nitrogen atom of 1 depends fundamentally on stereoelectronic factors (for a description of stereolectronic effects see Juaristi and Cuevas [20] . 
Computational Details
The geometries of the minima of the potential energy surface for the reference molecules 4, 5a, and 6 were calculated at the B3LYP/6-311+G(2d,2p) level of theory using GAUSSIAN03 [21] . For 5b and 7, the experimental geometry obtained by Xray diffraction [6] was used. The nucleophilic Fukui function f + (r) and local softness s + (r) for 4-7 were calculated using f + (r) = ρ N+1 (r) -ρ N (r) and s + (r) = Sf + (r), where S is the global softness (inverse of the chemical hardness η) and ρ N (r) and ρ N+1 (r) are the electronic density of the reference molecule and its corresponding anion respectively. The η value was obtained from the ionization potential (I) and the electron affinity (A), η = (I -A)/2. The f + (r) isosurface diagrams were plotted with GaussView [22] .
Results and Discussion
In The analysis of Figure 3 shows the nucleophilic Fukui function f + (r) isosurface diagram for 4 (magenta colors correspond to positive f + (r) values; cutting value 0.01 a.u.). The diagram shows the reactive sites for 4 to a given soft nucleophile. According to the local HSAB principle, the softness of the nucleophile should be within the same range or value as the preferred site in order to react in the studied molecule, i.e. s + (r) = Sf + (r). Higher f + (r) values are located at the β positions of the ring followed by the carbonyl group of 4; no contribution is observed for the pyridine nitrogen atom. According to the local HSAB principle, the β-position and the carbonyl carbon atom will react with soft and less soft nucleophiles respectively. In a fashion analogous to the 1,4-Michael addition of nucleophiles to α,β-unsaturated electrophiles [13, 18, 19] , as observed experimentally [6] , the slightly soft nucleophile aniline (hardness η = 4.4 eV) [23] attacks the carbonyl carbon atom to yield 5a.
The conformational analysis of 5a shows that the s-trans,strans conformer 5a t (Figure 4) , is more stable by 12 kcal mol -1 than the s-cis,s-cis conformation 5a c ( Figure 5 ) However, only in conformer 5a c , the pyridine nitrogen atom has a contribution to f + (r) (cf. Figures 4 and 5) .
From Figure 5 it can be seen that the s-cis,s-cis-conformer 5a c has the highest f + (r) value at the pyridine nitrogen atom, followed by the imino nitrogen atoms. According to the local HSAB principle, the pyridine nitrogen atom will be attacked by the methyl anion, a soft nucleophile (η = 4.0 eV) [6, 7, 24] .
Analyzing the calculated values of the f + (r) for 5b at the experimental geometry of 7 (s-cis,s-cis-conformation; Ar = 2,6-i-Pr 2 C 6 H 3 ), we observe in Figure 6 the same behavior of the f + (r) values as in 5a c ; the highest f + (r) values are located at the pyridine nitrogen atom. Since 5a c has no ortho substitution in the N-phenyl ring, the nucleophilic attack at the pyridine nitrogen atom does not depend on steric factors. Furthermore, the electrophilic behavior of the pyridine nitrogen atom of 5 arises in the s-cis,s-cisconformation and not in the s-trans,s-trans-geometry. Therefore, the nucleophilic attack at the pyridine nitrogen depends fundamentally on stereoelectronic rather than on steric factors (cf. i). The asseveration is corroborated in Figure 7 . The f + (r) isosurface diagram for complex 6 shows that chelation of MeLi by the pyridine and imino nitrogen atoms does not modify the f + (r) behavior in the N,N,N ligand; the soft pyridine nitrogen atom continues to be the most reactive site in the molecule for the methyl nucleophilic attack. As a result, the chelation just places the MeLi in a favourable position for methyl migration to the pyridine nitrogen according to the proposal made by Gibson (cf. iii). Calculations at the B3LYP/6-311++G(2df,2pd)// B3LYP/3-21G level of theory showed that transfer of the Libound Me group to the nitrogen atom had low barrier of 5 kcal mol -1 and was exothermic by 26 kcalmol -1 ; the reverse reaction would have a barrier of 31 kcal mol -1 [7] . Gambarotta et al. also reported that pyridine ring becomes slightly more folded and receives more negative charge in the presence of a diethyl ether molecule coordinated to the lithium atom. The reported Mulliken charge on the ligand by the absence and presence of the ether molecule was -0.58 and -0.62 respectively.
Once the methyl group makes the nucleophilic addition to the pyridine nitrogen atom, the higher f + (r) values for 7 are located at the imino groups ( Figure 8 ). Even while 7 is stable for extended periods at room temperature, the ligand was easily deprotonated at the imine methyl group with loss of methane [7, 25] . Gibson et al. [25] provided strong evidence that this transformation occurred via the re-formation of MeLi which dissociates from the ligand and is then available to dedeuterate the ligand backbone. Additionally, the methyl group could be abstracted from the nitrogen atom by the mild electrophiles i-PrBr and FeCl 3 , indicating that the alkylation at the nitrogen atom may be reversible.
Concluding remarks
The nucleophilic N-alkylation on pyridine is an unprecedented reaction throughout the history of chemistry, as Gibson, Gambarotta, and coworkers have pointed out. The local HSAB principle and the DFT local descriptors suggest that nucleophilic attack at the pyridine nitrogen atom of 2,6-bis(imino)pyridines 1 depends fundamentally on stereoelectronic rather than on 
